The function of jealous behaviour is to facilitate the maintenance of an important social relationship that is threatened by a third-party, a rival individual. Although jealous behaviour has an important function in gregarious species, it has been investigated almost exclusively in humans. Based on functional similarity between dog-owner and mother-infant attachments, we hypothesised that jealous behaviour can be evoked in dogs, similarly to children. In our study owners focused their attention solely on the test partner, while they ignored their dog. We deployed familiar and unfamiliar dogs as social test partners, and familiar and unfamiliar objects as non-social test partners; all subjects encountered all test partners. Dogs showed more jealous behaviour, i.e. owner-oriented behaviour and attempts to separate the owner and test partner in case of social compared to non-social test partners. Results suggest that jealous behaviour emerges in dogs, and it is functionally similar to that in children observed in similar situations. Alternative explanations like territoriality, dominance rank can be excluded.
test partner term, as we cannot be sure whether subjects (human infants and toddlers, and non-human species; see below) consider these agents as rivals per se.
There have been only a limited number of studies investigating jealous behaviour in non-human species. Observations suggest that jealous behaviour may be present in dogs as well 4, 5 . In the questionnaire study by Morris et al. 4 dog owners reported jealous behaviour in social triads, when the owner paid attention to a test partner. Harris & Prouvost 5 conducted an experimental study with dogs in which they used three test partners: stuffed dog (social test partner); unfamiliar object and book (non-social test partners). Dogs looked longer at the test partner, touched/pushed more often the owner and test partner, and snapped more often the test partner during the stuffed dog condition compared to the non-social test partner conditions. They also found that subjects looked longer at the owner, whined more and tried to get between the owner and test partner more often in the presence of the stuffed dog compared to the book condition, but did not find difference regarding the unfamiliar object. Based on these data it seems that dogs may show jealous behaviour, however, overall dogs did not display a clear distinction between the social and unfamiliar non-social test partners. Thus we caution to interpret these results as an evidence for jealous behaviour in dogs. Although authors claimed that dogs accepted the stuffed dog as real because they sniffed the dog's anal region and showed agonistic behaviour toward it, we suggest that dogs' behaviour could be due to distress elicited by the dog-like inanimate object or interest in it. Further, the stuffed dog barked, whined and wagged its tale which are used in communicative interactions; thus even if subjects considered the test partner as a real dog based on its behaviour and physical appearance, these communicative signals used inappropriately might reveal that the test partner is inanimate or make the situation artificial. Also, considering that the tests were carried out in the subjects' own home, dogs' behaviour might be considered as territorial aggression.
Several alternative explanations have been raised to account for dogs' jealous behaviour 4 . Two specific suggestions concern territoriality (see above) and that the behaviour observed in these situations is the result of dog's rank in hierarchy (see dominance relationships in 17 ) . One may expect that in multiple-dog households where dogs' relationship can be described by dominance, the dominant individual may show more intense behaviour when (one of) the subordinate dog(s) engage in exclusive interaction with the owner, that we label as jealous behaviour. Other explanations include protectiveness, playfulness and boredom.
Here we aimed to examine whether dogs show jealous behaviour when the owner gives attention solely to a social test partner. Compared to the previous study 5 we used real dogs as social test partners (familiar and unfamiliar) and tested dogs at an unfamiliar place (to exclude territorial aggression). We further collected background information about our subjects regarding the households they live in, their jealousy-related behaviour and context in which it occurs, and about their rank in hierarchy in the household. We hypothesised that jealous behaviour (e.g. owner-oriented behaviour (trying to direct the owner's attention); attempts to separate the owner and test partner) manifests only (mainly) in the presence of social test partners. We further expected that subjects show more test partner-oriented behaviour toward the unfamiliar than the familiar social test partner. We hypothesised that dog's rank (dominant or subordinate) does not have an effect on their behaviour. Alternatively, the behaviour described as jealous behaviour should be displayed by dogs in the presence of all test partners if it is due to playfulness or boredom; but it should not be displayed in case of the familiar dog if it is due to protectiveness.
Subject dogs encountered four test partners in various order: familiar and unfamiliar dogs as social test partners; and unfamiliar and familiar objects as non-social test partners (conditions named accordingly). The first and last test partner was the familiar dog (a dog from the same household; Familiar dog I and Familiar dog II conditions, respectively), thus overall dogs were observed in five trials. During the test the owner focused his/ her attention solely on the test partner while ignoring the subject (see more details in the Methods section). The owner behaved similarly across conditions. We measured dogs' behaviour (e.g. look, body position) displayed toward the owner, test partner and owner-test partner interaction, and the frequency of attempts to interrupt the owner-test partner interaction.
Results
All behavioural variables, but the interruption of interaction have been included in the principal component analysis (PCA). Items were grouped into three principal components that accounted for 78.4% of the common variance. The principal components have been labelled as Interaction-oriented Behaviour (PC I), Owner-oriented Behaviour (PC II) and Test Partner-oriented Behaviour (PC III) ( Table 1) .
There was a significant difference among conditions regarding the Interaction-oriented Behaviour (F 4,112 = 5.053, p = 0.001). Subjects showed less Interaction-oriented Behaviour in the Familiar object condition than in case of other test partners, except for the Unfamiliar dog condition ( Table 2 and Fig. 1) .
Occurrence of Owner-oriented Behaviour also differed between conditions (F 4,112 = 6.453, p < 0.001). There was no difference between the Familiar dog (I and II) and Unfamiliar dog conditions, but dogs showed more Owner-oriented Behaviour in the Familiar dog I condition than in case of the objects, and also in the Familiar dog II condition compared to the Unfamiliar object condition (Table 3 and Fig. 2 ).
There was a significant difference among conditions in Test Partner-oriented Behaviour (F 4,112 = 9.625, p < 0.001). Subjects showed more Test Partner-oriented Behaviour in the Unfamiliar dog condition than in any other conditions; and also showed more behaviour in the Familiar dog II condition compared to the Familiar object condition (Table 4 and Fig. 3) .
Results of the Friedman test show that dogs tried to interrupt the owner-test partner interaction more often in case of social, compared to non-social test partners (N = 22, χ 2 (4) = 30.817, p < 0.001); however, there was no significant difference either within the social test partners or within the non-social test partners (Table 5 and 
Discussion
Dogs showed more jealous behaviour in case of social compared to non-social test partners, discriminating between the two groups of potential rivals. Considering that dogs showed interest in the owner-unfamiliar object interaction as well, but did not show jealous behaviour (based on our definition; see Introduction), we suggest that the loss of owner's attention is not enough by itself to elicit the behaviour, but dogs take into account whether the social relationship is threatened by a social agent. Thus it seems that social test partners might be indeed considered as potential rivals from the viewpoint of their relationship with the owner. Regarding that the number of trials, and order of conditions did not have an effect on dogs' behaviour, and that subjects showed similar behaviour in both familiar dog trials, we can conclude that jealous behaviour is stable over time. Dogs showed functionally similar behaviour as observed in children under two years of age in similar situation that has been referred to as jealousy 1, 2, [12] [13] [14] . We suggest that test partner-oriented behaviour displayed toward the unfamiliar dog is (at least partially) independent from the jealousy-evoking situation, and dogs were interested in the unfamiliar dog in general. In case of jealousy we would expect agonistic behaviour (e.g. bite attempts, snapping, pushing away the test partner) as test partner-oriented behaviour, because the main function of aggression is to divide resources 18 ; however, we did not find evidence on this in the present study (cf. 5 ). We suggest that the lack of agonistic behaviour is the result of many owners not allowing their dogs to be aggressive with other dogs in general. The result indicates that the type of social test partner is crucial to study jealous behaviour in dogs (see below).
In the previous experiment conducted with dogs Harris & Prouvost 5 found longer look at the test partner only in the presence of the social test partner, but looking duration at the owner and number of attempts to interrupt the owner-test partner interaction did not differ between the social and unfamiliar non-social test partners. However, the latter two behaviours are part of the jealous behaviour thus we would expect their emergence only in case of a social test partner, i.e. in the presence of a test partner against which the subject can lose the relationship. In contrast our data show that dogs discriminated between social and non-social test partners regarding their behaviour oriented toward the owner and trying to separate him/her from the test partner. Further, we only found more behaviour oriented toward the test partner in case of the unfamiliar social test partner (see above our argument whether it is part of jealous behaviour). Thus it is possible that in the study by Harris & Prouvost 5 subjects did not categorize the stuffed dog as an animate or inanimate agent. We propose that the procedure applied in the present study is a better approach to investigate the phenomenon, by using real dogs as social test partners. Considering the difference in dogs' behaviour toward the familiar and unfamiliar dogs, we further suggest that in future studies familiar dogs may be more suitable to use as social test partners.
As described in the Introduction, territorial aggression and dominance rank within the household has been suggested to explain the behaviour displayed by dogs in such situations (see 4 ). Considering that we tested dogs at an unfamiliar place, territorial aggression can be excluded as a causal factor. Similarly, the absence of any association with rank (indicated by the owner) makes it less likely that the displayed behaviour was elicited by dominance aggression. The experimental arrangement makes it unlikely that protectiveness, playfulness and boredom could be major influencing variable. In case of protectiveness we would not expect the behaviour toward the other dog from the household, and in case of playfulness and boredom we would have observed the behaviour in the presence of non-social test partners as well.
Dogs' behaviour in the present study fulfil the functional description of jealousy; however, it can be argued whether the underlying emotional state shares similarities with the corresponding human emotion. Authors often focus on the emotional state underlying the behaviour, despite it being obscure in human children and adults in contrast to the observable behaviour. We suggest that a behaviour-centred approach may be more fruitful in the future, and this also facilitates comparative investigations.
Methods
Ethics. Ethical approval was obtained by the National Animal Experimentation Ethics Committee (PE/ EA/3741-4/2016). The experiment was performed in accordance with the EU Directive 2010/63/EU. Owners provided a written consent form to voluntarily permit their dogs to participate in the study.
Subjects.
We tested 25 dogs from multiple-dog households. We could not finish testing one dog because the dog showed distress in the room. Thus we had 24 dogs in the final analysis (11 different breeds and 14 mongrels; 14 females; mean age (year) ± SD 4.9 ± 2.71, see details in the Supplementary Information).
Questionnaire. Owners filled in an online jealousy questionnaire about the subject dogs prior to the test, the invitation of dogs depended on owners' report (see responses in the Supplementary Information). The invitation to the test depended on the following questions of the jealousy questionnaire: (1) How jealous do you think your dog is compare to the average dog? (scale from 1 to 10), (2) Who does the dog usually gets jealous of? (3) Where does your dog get jealous? (at home, at unfamiliar places; on a scale from 1 to 5). We only invited dogs the owner of which indicated that the dog shows jealous behaviour toward another dog in the household, and/or other dogs in general. Owners that filled in the questionnaire (overall 631 dogs) gave a mean (±SD) 5.68 (±2.67) jealousy score to their dogs; a mean (±SD) 3.19 (±1.43) score at home, and 2.36 (±1.33) score at unfamiliar places. The tested dogs had a mean (±SD) 7.08 (±1.81) jealousy score given by the owner; a mean (±SD) 4.04 (±1.11) score at home, and 2.65 (±1.34) score at unfamiliar places. In case of one subject the owner filled in the questionnaire for the other dog in the household (i.e. we had information about the familiar dog (test partner), not the subject). Based on the data provided by the owner we could decide whether the subject dog was the dominant or subordinate one in the household (as information about one dog provides information about the other; see below), but we do not have the other information (see Supplementary Information) .
In addition we asked the owners four questions to decide whether the dog has a dominant or subordinate rank among dogs in the household (based on 19, 20 . We considered the dog dominant if the owner named the subject dog in the answer to the fourth question, or at least twice in the other three questions. We considered the dog as subordinate if the owner indicated another dog from the household in the fourth question, or at least twice in the other three questions. This is a slight change compared to the original criteria used by Pongrácz et al. 19, 20 who based the decision on the response to the fourth question, or when the owner uniformly indicated the same dog in response to the other three questions. Pongrácz et al. 19, 20 invited dogs based on owners' response to these questions, thus they could categorise the dogs as dominant or subordinate prior to the test. Considering that in the present study the effect of dominance rank among dogs on their behaviour was not the main question, we did not base the invitation on this. However, we suggest that this change in criteria does not weaken the argument (although these results should be treated with caution).
In case of 7 dogs the owner's response did not allow for determining whether the dog was a dominant or subordinate individual. In the case of one dog the social status was decided only on the basis of the first three questions because the owner claimed that the subject dog wins in fights only due to the size difference between the dogs (Sheltie vs. Belgian shepherd). In the analysis we had 11 dogs labelled as dominant and 6 labelled as subordinate (see details in the Supplementary Information).
Test partners. We used four different types of test partners: familiar dog, unfamiliar dog, unfamiliar object and familiar object. either the subject or the unfamiliar test partner dog, the introduction was interrupted immediately). We could not test two dogs in the unfamiliar dog condition; however, we tested them in the all other trials. The owner of the unfamiliar dog stood in the room, next to the door she entered during the Unfamiliar dog condition. This allowed her to intervene if needed (e.g. dogs start to fight). She avoided any eye contact with the subject dog and did not talk during the trial.
The unfamiliar object was a remote control car (#32710 RTR Switch Abarth 500, 28 cm × 16 cm × 13 cm) that did not move during the trial. In case of dogs that have already seen the remote control car moving in previous studies (e.g. [21] [22] [23] ), we used a thermos (25 cm × 14 cm × 14 cm) that had similar colour and size as the car. The familiar object was a newspaper. All subjects encountered all test partners (see above the exception).
Procedure. Dogs were tested in a 5.2 m × 3 m test room at the Department of Ethology, Eötvös Loránd University. All tests were recorded by four cameras attached to the ceiling.
We had five trials separated by ca. 1-2 min breaks. All trials consisted of two phases: familiarization phase (30 s) and test phase (90 s) that followed each other without a pause. In Trial 1 and 5 the test partner was the familiar dog (condition Familiar dog I and Familiar dog II) to be able to examine the consistency of the behaviour of subjects and the effect of time spent in the room (e.g. fatigue). In Trial 2, 3 and 4 the test partners were the unfamiliar dog, unfamiliar object, and familiar object (conditions named accordingly); we counterbalanced the order of these among subjects.
In Trial 1, the owner and the two dogs entered the room. Dogs could explore the room while the Experimenter (E) informed the owner about the procedure. In the other trials E placed the test partner objects in the room after the owner and subject entered. The subject dog and the unfamiliar dog entered the room at the same time. The familiarization phase started when E left the room. During all familiarization phases the owner ignored both the subject and the test partner; he/she measured the 30 s on a stopwatch.
After the time elapsed, the test phase started during which the owner focused his/her attention on the test partner while continued to ignore the subject. In Trial 1, E told the owner to behave in a way that usually elicits jealousy in the subject dog. Owners mostly choose to pet and talk to the test partner. After Trial 1 ended E told the owners to behave in the same way as with the familiar dog in Trial 1 in the following trials, in order to make the conditions as similar as possible (e.g. in case of the familiar object the owner should read aloud only, if he/she was talking to the familiar dog in Trial 1, and had to repeat at least the most often used words that he/she used before).
